In recent years, there is a growing interest in employing Unmanned Combat Air Vehicles (UCAVs) for various military missions. One of typical examples is the suppression of Enemy Air Defense (SEAD) mission, in which the objective is to fly to the enemy territory to destroy, or suppress surface-based air defenses such as radars and surface-to-air missile sites. This paper deals with a hierarchical and fully automated control scheme which is suitable to typical SEAD mission using multiple UCAVs. For the path finding and planning, most of the existing control scheme use the Voronoi-diagram concept, but a new path planning method which is based on the potential field concept is proposed. The advantages and disadvantages of existing method and a new method are presented with virtual battle field simulation results.
I. Introduction
A S a typical battle field scenario of the SEAD mission, let us consider a group of N UCAVs required to drop munitions on M known targets locations. In addition, there are already known threats and unknown pop-up threats that may appear during operations. Figure 1 is a typical example of this situation. There are some requirements for the UCAV system to be adopted in a SEAD mission. The UCAVs have to be true air vehicles, more like manned aircrafts than intelligent cruise missiles for the variety of submissions, reconnaissance or return to the base operations. It has to be possible to fly the UCAVs into the battle field and the cost has to be lower than manned air vehicles. Moreover, the most important requirement is that the entire progress of the mission, such as path finding and planning, detection of threats (for example, radars), assignment of each UAVs to the target, determination of feasibility of attack, and return to the base safely in an infeasible attack condition, has to be fully automated, and the mission can be achieved without intercept of human's operations during the planning and operation. In Fig.  1 , each target is assumed to be equipped with antiaircraft facilities with radars that detect the location of attacking aircraft, but these facilities are only capable of firing on one aircraft at a time. To maximize the probability of mission success in the situation like these, there are some requirements for control scheme. First, efficient assignment of UCAVs to each target location is required. Second is the optimal path planning is required to avoid the dangerous threat regions and to save fuel and time. Third, when all of the UCAVs which left different locations access to one target, each UCAV is required to arrive on the boundary of target radar detection region simultaneously and enter the attack region through different boundary points. And all of these tactics are . But the general case of k shortest paths search problem is so complicated and many researchers have been working on this issue with vigor. For the third requirement, the decomposition strategy is suggested in Ref. 4 . All of these introduced methods are using the candidate paths generated by using the Voronoi-diagram. Robot path planning using the Voronoi-diagram has been studied since mid-1980s 5 , and cooperative path planning study for multiple UCAVs started in late 1990's. The Voronoi-diagram method is considered as a most suitable method for SEAD. It provides many strong points but at same time has many disadvantages. For example, it is rather difficult to extend the path planning to 3-D space with the Voronoi-diagram, and it is very inefficient in case the real obstacle avoidance is required. And as the path consists of the discrete edges of the Voronoi-diagram, it is very unsuitable for the trajectory generation task. For that reason, in this study, a new path planning method for SEAD is proposed. It's based on the robot path planning using potential filed methods. The potential field is modified for the SEAD mission. This method needs a relatively heavy numerical computation in the first stage of planning, but it is just only once before the UCAVs begin their missions. All of these strategies introduced are required for target assignment and path planning, and thereby not iterative in nature. So, against the accidental situations such as appearance of unknown threats or a certain UCAV dropping out of the assigned group, re-assignment and re-planning should be achieved in real-time. The main contents of this paper consist of four sections. In section II, the existing control scheme based on 1 for SEAD is introduced. In section III, a new cooperative control scheme based on the potential field path planning method is proposed. This new cooperative control scheme is compared with the conventional control approaches by simulation results in section IV. Finally, the conclusion is presented in section V.
II. Conventional Cooperative Control Scheme for SEAD
To avoid the dangerous threat regions and save fuel and time, it is required to construct an optimal path to the target. For this problem, the Voronoi-diagram is adopted in Ref. [2] [3] [4] , and one can get some suboptimal initial paths using this method. In some interested domain such as in Fig. 2 , Let be a set of n distinct points in the plan. The
Voronoi-diagram of , Vor is defined as the subdivision of the plane into n cells, one for each site in P with the property that any point is for each
is defined as the distance between two points q and . In this problem, the point is treated as threat locations. Then, the edges of the cells can be the best path to follow avoiding the site of two nearest threats. The algorithm to construct this diagram is described in Ref. 6 , and MATLAB offers the function which can produce this diagram. Voronoi-diagram consists of nodes and cells. The edges of the cells are available paths to the nearest node to the target positions. Now we have to search the shortest and safest path to go to the nearest node to the target positions. Before this work, the costs of each Voronoi edge should be decided. The total cost of each edge consists of both length and exposure cost.
From Fig. 4 , are the Voronoi nodes and T denotes i-th threat. Then, the cost of the edge 1 ( ), ( ) 
where M it is the number of threats, and represents the distance between two points, T and . The total cost consists of two terms, first term is associated with length cost and second one is the exposure cost. And is a weighting factor of the length cost. Exposure cost based on a UCAV degree of exposure to enemy radars, is proportional to 1/ , since the strength of a radar signature is proportional to 1/ . Instead of numerical integration, discrete sum is capable of computing of exposure cost.
Now, one can find the best route which minimizes the cost sum of the path. Now the best route with a minimum cost is named 'shortest path'. Not only the shortest path but also k-shortest paths should be found for rendezvous. The k-shortest paths of each UCAV from start point to target may constitute some candidates for the simultaneous arrival. The searching algorithms by the k-shortest path has been investigated in many papers. 7, 8 By using the Voronoi-diagram and k-shortest paths search algorithm, each UCAV can secure own k-shortest paths to each target. Next task is to assign each vehicle to the appropriate target such that the overall group cost is mitigated, while maximizing the number of targets to be destroyed. In assigning the UCAVs to targets, there are four objectives. 1 First, minimizing the group path length to the targets, second, minimization of the group threat exposure, third, maximize the number of vehicles attacking each target (to maximize survivability), and fourth, maximization of the number of targets attacked. Details about this assignment problem are presented in Ref. 1 .
If each UCAV is assigned to appropriate target, the members of a group attacking one target have similar costs. But it doesn't guarantee the simultaneous arrival. Thus the detailed trajectory planning for each UCAV is required. For the coordinated control problem, the purpose of decomposition is to break up a single, very large optimization problem into a set of smaller, more tractable optimization problems that allow computations to be decentralized among the UCAVs, while taking into account the threat and fuel of each UCAV. This decomposition strategy was developed in Ref. 3 . Using this decomposition strategy, one can determine TOT (time over target 3 ) of each team and each UCAV which assigned to same target can get the appropriate path for simultaneous arrival.
III. A New Cooperative Control Scheme for SEAD
The new path planning for SEAD mission in this research is conceptually based on moving robot path planning with obstacle avoidance. Voronoi-diagram also has been used in robot path planning already since mid-1980s. Path planning with obstacle avoidance or motion planning of manipulator with collision avoidance has been one of the principal issues in robotics in recent years and is very well-known problem.
The main approaches for solving the path-planning problem can be classified into global and local methods. The global method need complete information of the environment and they are based on a global world representation. Examples of this approach are the grid of visits, the numeric potential fields, the graphs using the A* algorithm American Institute of Aeronautics and Astronautics 3 (graphs of visibility, of tangents, Voronoi) the behavior-based models and the genetic algorithms, and others. 9 These approaches guarantee that either the goal position will be reached with the path planning problem solution, or the methods will entirely analyze the free space and conclude that the goal position is unreachable. In this latter case, the path planning problem has no solution. However, the construction and maintenance of a global model require heavy computational work as well as a large amount of memory resource.
On the other hand, the local path planners use only the local information in a purely reactive manner. At every control cycle, the robot performs the action corresponding to the configuration of the obstacles located in the neighborhood. The local path planners are typically simpler than the global ones, since they can directly map the sensor readings to actions. Different methods are used to choose the next action according to the local environment: the potential fields, the Bug algorithm, the behavior-based models, the probabilistic models (Virtual Field Histogram, occupancy grids) the fuzzy logic, and etc. 9 Although the local planners are simpler to implement, they do not guarantee global convergence to the goal position. The mobile robot may get trapped in a local minimum, and the method will follow a divergent path or a loop while attempting to escape from the deadlock condition.
For this reason, we can see that global path planning methods are more appropriate than local one for SEAD mission. And in this study, the potential field method is used to find initial paths. The path planning using artificial potential field or physical potential field has been studied since mid-1980s. An elegant approach for obstacle avoidance in using artificial potential field method was pioneered by Khatib n R 10 as it was studied by many others.
A. Modified potential Field method for Path Planning of SEAD
The main idea of path planning with global potential field is to construct a suitable potential field with an attractive global minimum at the goal point and repulsive local maxima at the obstacles. The path is then generated by following the gradient of a weighted sum of potentials. Numerous artificial potential functions have been proposed in the past decade. In this study, we use the mass diffusion equation to construct the potential field. Goal point (target point of SEAD), G, is considered the location of a virtual source which emits some gaseous substance, e.g. a scent or a perfume. While concentration at point G is kept constant, substance diffuses steadily into the surrounding space. If complete and instantaneous absorption of any substance reaching obstacle points or natural and artificial space boundaries is assumed, concentration values will always remain equal to zero at the corresponding point sets. As a result of the diffusion process, a concentration distribution develops over time and space. In its equilibrium state, the distribution shows a monotonously decreasing concentration along a path between the goal point, the point of maximum scent concentration, and an arbitrary robot starting point S within the substance filled space. The path between S and G can be easily found by following a steepest ascent strategy, i.e., streamline.
To make this approach suitable to SEAD, we define the dangerous area of each threat. Dangerous area is a circle with its center at the threat location. It can be obtained from initially known information, the power of radar, and etc. In real battle field, the radar powers cannot be all the same. And if we can get the information of them, it is better to use for improved results. The dangerous area consists of two areas, a critical area (very dangerous area), and a less dangerous area. The boundaries of critical areas are treated as boundaries of obstacles in diffusion field, and the concentration in this area are given as a constant value, zero. Then the path, streamline, cannot enter this critical areas, and the critical areas should be determined as the most dangerous areas being very close to threat and too dangerous to pass. The less dangerous area is less dangerous than critical areas. The critical areas or less dangerous area could be overlapped as shown in Fig. 5 . as a 25km by 25km square, is divided into 250x250 elements (resolution:100m) and all of the elements in FDM are squares of the same sizes. The smaller elements the field is divided into, the more detailed results can be obtained. But, the excessive computational load is required also. This work is not for the real mass diffusion analysis and it just to derive the potential field which has the similar character as that of the mass diffusion in the real world. Then, it is not needed to divide it into very small elements. In addition, this work should be finished before the UCAVs take off, and it may be possible to make use of the parallel computer. If the potential field is obtained by numerical method described as above, a steepest ascent path, following the gradient of ( , ) x ∞ u t from arbitrary starting points (except the critical are) to the goal point, can be computed and each path never comes into the critical area, and it is continuous and smooth. Especially, as critical areas were treated as obstacles which obstruct the mass diffusion, paths avoid the critical areas with some distance. But if you want safer path than it, it is possible to modify it to avoid the dangerous areas. When the path is constructed by steepest ascent rule, if it enters the dangerous area, the repulsive force from threat is applied to it. This repulsive force is determined by Eq. (7) { } 
B. Strategies for a simultaneous attack
Up until now, construction of the potential field and associated path finding is explained in the above. Each UCAV should be assigned more than one candidate paths for simultaneous attack, as the main object of the cooperative control in SEAD. But, in the potential field constructed, the path from a certain start point to the goal is unique. Thus, strategies to find more candidate paths are required. There are three strategies; the first strategy is using the repulsive forces, the second strategy is utilizing the unsteady diffusion function, and the third strategy is new potential filed construction with a sink at the start point.
First, as mentioned previously, one can find more than one path; path with repulsive force and without repulsive force. Using repulsive force, we can find a safer path. The total cost of each path will be evaluated with the similar method in the section II. The threat exposure can be lowered, but the total cost (combination of threat exposure cost and length cost. The threat exposure cost is integrated by time. Thus it can be more dangerous if the total path length is elongated by modification) may not be lowered. It is impossible to decide which one is better for the team level cost so that these both paths could be candidates.
Second, using the fact that we use the unsteady diffusion equation, more paths could be found. As the unsteady diffusion equation is employed, one can get some different potential field from different time steps with just one iteration process. As a result of the diffusion process, there exists a minimum delay time before path computation from the start point to the goal point is initiated. If diffusion simulation is initiated at i 0 = (in Eq. (6) 
where and n g n denotes the dimension of space R ( n 2 n = , for planar case) and the total number of grid nodes, respectively. Finally, we can get some different paths from the potential field which has all different concentrations distributions due to different time steps, i . In Fig. 8 , we can select the paths reaching the target location as candidates. Due to the local maxima at the boundaries the two paths cannot reach the target location. These local maxima exist only in the potential field with a source at the goal point (target location) and a sink at the start point. After the candidate paths set of each UCAVs are determined, the length cost and threat exposure cost should be computed. And then we can select the best appropriate path of each UCAV for simultaneous attack using the same decomposition strategy mentioned in section II.
C. Strategies against the pop-up threat
Each UCAV is assumed to be equipped with the sensors detecting the radar signal, and all information about the pop-up threats are known to all UCAVs in the team when one of them detect the pop-up threat in almost real-time. Then, the counter-plan against unknown pop-up threats that may appear during the flight is necessary. The less dangerous area is determined as the circle with the radius as distance between current position and pop-up threat. And the critical area can be determined after the computation of hardware constant of the radar. The amount of power received by radar is the function of a distance 12 and one can determine the radar power and critical area, as the UCAV moves on the initial path or some seconds. At this time, if each initial path of UCAV does not enter the dangerous area, replanning is not necessary, otherwise, all the paths should be replanned. Then, this replanning has two cases according to the current condition of each UCAV; the first one is initial path is affected by pop-up threat, and the other case is not affected case.
First, the case of, the pop-up threat affecting the initial path, is considered. The potential field which was computed already cannot represent the presence of pop-up threat. Thus, the some strategies in the following is proposed to find some new candidate paths.
Modification of the current path
This approach is to modify only the section which enters the dangerous area of the pop-up threat in current path, as it is illustrated in Fig. 9 . This modification is to employ chain of masses system which suffers the virtual forces from threats 2 . The initial path is divided into n sections of all the same size, and each nodes is treated as a mass. These masses are connected in a single line. And between masses, spring and damper system exist. Then we call this system chained masses systems. Each mass is suffering not only forces by spring and damper but virtual repulsive forces by threats. These virtual forces arise from the threats in their own dangerous American Institute of Aeronautics and Astronautics area where the masses exit. The direction of this virtual force is opposite direction of the vector from a mass to the threat. And the magnitude of this virtual force depends on the priority of threat which is determined by radar power. The dangerous priority of popup-threat could be higher than the original, in order to make its effect strong, since it didn't affect the initial potential field and path. The start node and end node are assumed as boundary condition of constant position. Then, if we solve the dynamic equation of the chained masses system in the section, the modified path can be derived as the details described in Ref. 2.
Suitable path finding and modification
This strategy is used in order to find some paths avoiding the popup threat and approach the goal point. First of all, it is necessary to find point A, in Fig. 10 , at a distance of determined value on the initial path. It is determined as a local goal point. The global goal point can be a local goal point in case the distance between current and global local point is shorter than value determined. Then one has to find some paths which approach the local goal point avoiding dangerous areas of pop-up threat. These paths can be found by examination through the scanning route. This scanning route is determined as follows; It turns to the left and right with minimum turn radius at current point and goes forward to escape from the dangerous area. After escaping from the dangerous area, it follows along the boundary of dangerous area. If this scanning route meets the critical area of different threat, it stops at that point. Now one can find some points where an appropriate path starts. For convenience, let the straight line that connects the arbitrary point to the local goal point be LOS(Line of Sight) of the point. For some discrete points on the scanning route, examining the LOSs, some points whose LOSs don't overlap with critical areas such as point B~H in Fig. 3.8 could be selected.. Then, the section of each LOS overlapped with dangerous area is selected and modified by the same method in 2. The scanning route can connect current position to the modified path, and we can get the paths just escaping the dangerous area. Now the path to the global goal point should be determined. This path can be easily found by using the potential field which was constructed in the initial planning step. Now new paths of the UCAV which would fly through the pop-up threat dangerous area could be constructed. Then one should find some candidate paths of other UCAVs for TOT* matching 1 . Using the unsteady diffusion equation, it is possible to construct the potential field again with sink point at the current position of each UCAV. The initial values are given as the potential field computed already. It physically makes sense that a sink suddenly appears during unsteady diffusion. And at this time the minimum time step for numerical computation, L in Eq. (8), is quite small due to the shortened distance to the goal point.
IV. Simulation Results
In this section, simulation of simple case of SEAD is presented. As the conditions of mission for 3 UCAVs departing from different sites, one target and 20 known threats and their positions are given initially. And there exist unknown pop-up threat.
A. Simulation Results in case of only initially known threats
As the first step, Voronoi node and edges presented in Fig. 3 in section II. And using the strategies, the best path set that satisfies the simultaneous arrival at the target location is determined as it is shown in Fig. 11 . Figure 12 (a) presents the dangerous areas for potential field method. As it was mentioned in previous section, it is assumed that the radar powers are equal and the radii of dangerous areas are all the same in order to compare with the simulation results of the Voronoi-diagram method under the same condition. After the computation of the potential field, some candidate paths for each UCAV could be generated, as shown in Fig. 12 (b) . Using the strategy for TOT* matching and simultaneous attack, the best path set is determined as shown in Fig. 4.12 (c) . This is the result of the initial path planning. In TOT* matching scheme, the weighting factor λ of Eq. (3) is identical to that in TOT* matching of the Voronoi-diagram method. Accordingly, the similar path set is selected with that in Voronoi diagram method. TOT* is determined as 379 sec, being shorter than TOT*(= 408sec) of the Voronoi method. And we can see also the path length is shorter than that of Voronoi-diagram. Figure 13 and 14 present the result of replanning case. It was assumed that all UCAVs engaging in this mission can detect the pop-up threat in the range of 1,500m, and if one detects the pop-up threats, the information of this pop-up threat is shared with all other UCAVs. As shown in Fig. 13 (a) , during the operations UCAV1 (displayed with solid line) detected the pop-up threats. In Figure 13 (b), the thin dashed line is Voronoi-diagram of initial condition and Each UCAV regenerates the Voronoi diagram and replans the path. Similarly, in Fig.14 (a) UCAV1 detect the pop-up threats and each UCAV computes their own candidate paths against the pop-up threat. And in the same manner as the initial path planning, the best appropriate path set is determined as shown in Fig. 14 (b) . 
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B. Simulation Results in case of unknown pop-up threat
C. Analysis
The advantages of new path planning in comparison with the Voronoi method are summarized as: 1) As we can see in the simulation results, the new method shortens the unnecessary elongated path lengths and results in small TOT*. The threat exposure cost is integrated by time. This implies if UCAV is exposed to the weak threat for a long period of time, the cost can be larger than that of exposure to the strong threat for a relatively short moment. Consequently, maintaining a small TOT* can reduce the total cost almost always. And the new method can reduce the total cost as well.
2) The path made by the new method is continuous and smooth. Then, if real-time trajectory is generated, the computed control input does not violate the input magnitude constraints, and the off-tracking error is reduced. But the path made by the Voronoi-diagram method consists of straight lines, and input magnitude constraints are easily violated and the off-tracking error remains large.
3) Since the diffusion equation holds in R , generally, the new method using the diffusion equation can be applied to 3-D easily. The Voronoi-diagram also can be generated in , but the application to the path planning in is not easy.
If a real obstacle such as a mountain and a building exists in battle field, the new method can easily find the appropriate paths by including the boundaries of real obstacles in the boundary conditions of potential field computation. But for the Voronoi-diagram method, the Voronoid nodes or edges overlapped with real obstacles have to be excluded in path planning, or the edges should be modified as we can see in Fig. 15 (a) . And in this figure, the shortest path is not available due to the real obstacle. But in the same situation, the new method can find the best path very easily. See Fig. 15 (b) . Fig. 16 (a) , could be a candidate path although it may be too dangerous to pass the space between two radars. But, with the new method, such a path described in Fig. 16 (b) never can be a candidate path. On the order hand, there exist some disadvantages as follows: 1) The heavy computational time is required for numerical method. But, since this computation is performed before the UCAVs take off, it may not degenerate significantly the original merit of the new method.
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2) It may not generate various candidate paths. The phase of potential field used on this study is similar to the harmonic function as Fig. 17 (a) . And it is impossible to make a candidate path such as the dashed line in Fig. 17 (b) . But, with the Voronoi-diagram it is possible to make a candidate path such as the bold solid line in Fig. 17 (b) . The new method makes mostly similar paths and it helps TOT matching sometimes, but not always. These characteristics could be understood through the TOT vs. cost graphs.
American Institute of Aeronautics and Astronautics In Fig.18 the solid line represents ideal TOT distribution for TOT* matching. It is continuous and spread into a wide range. The dashed line, TOT distribution by a new method is continuous, respectively, but large TOT does not exist. The dotted line, TOT distribution by a Voronoi diagram, is discontinuous, but large TOT exists. The new potential method based on the potential field method has advantages and disadvantages in terms of TOT distribution.
3) Sometimes, each path from different UCAVs can be overlapped in close position to the target. Then it is not possible to attack from all different directions and we need some control laws for final attack angle. A strategy for an attack from different directions has to produce a feasible trajectory in the attack area. The attack area indicates the detectable area of anti-aircraft facility at the target location. In this study, path planning is accomplished in 2-D space. Since UCAV is not a free flying vehicle, steering is required and corresponding suitable control schemes are necessary. Exponential control law for a mobile robot, proposed in 14 , could be a solution about this problem. As a typical example of the cooperative control scheme for multiple UAVs, a suitable control scheme for SEAD mission as one of the military tactics is studied. A new control method, for multiple UAVs departing from all different positions to arrive at the target position simultaneously, was proposed and the performance of the new approach is compared with the existing method by simulation results under the same conditions. It is shown that the total cost is decreased by the new method in simulation results. Moreover, the new method is more useful when the path planning in 3-D is required or the real obstacles such as mountains and buildings exist in a battle field.
